ABSTRACT: Salting-out constants for triglycine were calculated for a series of Hofmeister salts using molecular dynamics simulations. Three variants of the peptide were considered with both termini capped, just the N-terminus capped, and without capping. The simulations were supported by NMR and FTIR measurements. The data provide strong evidence that previous experimental values of salting-out constants assigned to the fully capped peptide (as previously assumed) should have been assigned to the half-capped peptide instead. Therefore, these values cannot be used to directly establish Hofmeister ordering of ions at the peptide backbone because they are strongly influenced by interactions of the ions with the negatively charged C terminus. SECTION: Biophysical Chemistry and Biomolecules T he action of cosolvents, such as salt ions or osmolytes, on aqueous biological molecules can be treated in a thermodynamically rigorous way by Kirkwood−Buff theory. 1 This theory connects microscopic structural properties in the form of radial distribution functions with macroscopic observables like excess chemical potentials and solubilities. In particular, it enables one to derive salting-out constants from molecular simulations and to connect them with experimentally observed values.
ABSTRACT: Salting-out constants for triglycine were calculated for a series of Hofmeister salts using molecular dynamics simulations. Three variants of the peptide were considered with both termini capped, just the N-terminus capped, and without capping. The simulations were supported by NMR and FTIR measurements. The data provide strong evidence that previous experimental values of salting-out constants assigned to the fully capped peptide (as previously assumed) should have been assigned to the half-capped peptide instead. Therefore, these values cannot be used to directly establish Hofmeister ordering of ions at the peptide backbone because they are strongly influenced by interactions of the ions with the negatively charged C terminus. SECTION: Biophysical Chemistry and Biomolecules T he action of cosolvents, such as salt ions or osmolytes, on aqueous biological molecules can be treated in a thermodynamically rigorous way by Kirkwood−Buff theory. 1 This theory connects microscopic structural properties in the form of radial distribution functions with macroscopic observables like excess chemical potentials and solubilities. In particular, it enables one to derive salting-out constants from molecular simulations and to connect them with experimentally observed values. 2 Accurately determined salting-out constants for a given protein or peptide allow for quantitatively establishing Hofmeister ordering 3,4 of the investigated salt ions, which is a prerequisite for understanding ion-specific effects on biomolecules. 5 In the early 1970s, Nandi and Robinson measured the salting-out constants of short oligoglycines. 6 To establish Hofmeister ordering of ions at the peptide bond, they tried to suppress the effects of the charged terminal groups of the oligopeptides by attempting to cap both the C-and N-termini. The salting-out constants they found for acetyltriglycine ethyl ester in aqueous salt solutions 6 are reproduced in Table 1 together with the corresponding values for uncapped triglycine (GGG). 7 As can be seen, capping the terminal groups has a dramatic effect on the salting-out constants. Specifically, strongly hydrated ions display a salting-out effect on the capped peptide and weakly hydrated ions salt it in. In contrast, all investigated ions salt in the uncapped peptide. This is consistent with our recent findings that ion pairing with charged termini can be quite strong for short peptides and may overwhelm the interactions of ions with the peptide bond. Recently, the salting-out constants for oligoglycines by Nandi and Robinson 6 have been used to derive partitioning coefficients of individual ions in the Hofmeister series for the amide group forming the peptide bond at the protein backbone. 9, 10 Such an approach can be justified provided the effects of the termini on ion binding are small, such as is the case when the termini are properly capped (and thus neutralized). However, we have found recently that while the N-terminus can be easily acetylated it is actually rather difficult to cap the C-terminus of oligoglycines. 8 As a matter of fact, we were not able to effectively cap the C-terminus by the esterification procedure described in ref 6 . This led us to employ molecular dynamics (MD) simulations to extract salting-out constants for fully capped versus uncapped and half-capped (only at the N-terminus) GGG to find out which results correlate better with those from the previous experiments. 6 We have thus simulated capped, half-capped, and uncapped GGG in aqueous solutions of seven sodium salts with a series of Hofmeister anions: Na 2 SO 4 , NaF, NaCl, NaBr, NaI, NaSCN, and NaClO 4 . Using the simulations, we related the salting out constant, k s , to the calculated preferential binding coefficient, Γ s , (for definition, see ref 8) of a given salt at concentration C s to the peptide molecule:
This relation, which assumes that the preferential binding coefficient Γ s is independent of the peptide concentration and an ideal behavior of the solution, can be very accurate for molecules with low solubilities (such as the capped and halfcapped GGG), and is approximately valid for more soluble molecules like GGG as well. 2 The calculated salting-out constants can be then directly compared with the experimental values obtained by Nandi and Robinson. 6 Figure 1 presents such a comparison for all three investigated variants of GGG, that is, the uncapped, capped, and half-capped peptide. First and foremost, we see from Figure 1 that the simulations of the half-capped system agree quantitatively with the experiment, while there are significant discrepancies between the calculations and measurements for the other two systems. The present results thus strongly indicate that Nandi and Robinson 6 actually did not succeed in capping the Cterminus. This observation, supported by the experimental fact that we were also unable to effectively cap the C-terminus of GGG by their esterification procedure (but instead had to use another synthetic route), 8 has important implications for molecular interpretations of the Hofmeister ordering of ions, as discussed later.
The half-capped GGG system is negatively charged, having only the N-terminus neutralized. Anions, therefore, tend to be repelled from it, while sodium is attracted. For anions, which are more strongly hydrated than sodium, in particular, sulfate and fluoride, anionic repulsion dominates over cationic attraction, leading to a positive salting-out constant (Figure 1 , bottom). The opposite is true for weakly hydrated anions, such as iodide, thiocyanate, or perchlorate, which are also attracted to the peptide backbone. 5, 8 As a result, sodium salts of these anions exhibit negative salting-out constants (Figure 1,  bottom) . It is important to note that for the half-capped GGG molecule, salting-out or -in is a net effect of interactions of both cations and anions with the backbone and the Cterminus, which cannot be interpreted simply in terms of ion− backbone interactions only. 9 To focus on the Hofmeister effects of ions on the peptide backbone, the properly capped GGG should be considered. Indeed, by capping both termini, the ion−peptide interactions become dominated by those with the backbone. Sodium cations, as well as strongly hydrated anions, interact weakly with the backbone leading to modestly positive (close to zero) values of the salting-out constant (Figure 1, middle) . Note that this is in clear disagreement with the Nandi and Robinson results, which again points to the fact that they did not, in fact, investigate the fully capped peptide. 6 In contrast with strongly hydrated anions, weakly hydrated anions are attracted to the backbone, specifically to a site consisting of the amide NH group and the adjacent α-carbon, 5 which leads to negative salting-out coefficients (Figure 1, middle) .
As already discussed in our previous study, 8 ion specific effects on uncapped GGG are dominated by the charged termini. This leads, particularly for strongly hydrated ions, to large negative salting-out coefficients (Figure 1, top) , implying a salting-in effect. For weakly hydrated anions, additional attraction to the backbone plays an important role, which explains their negative salting out coefficients (Figure 1, top) . As a result, there is no apparent Hofmeister ordering for Figure 1 . Salting-out constants k s for uncapped, capped, and halfcapped GGG in Hofmeister salt solutions, as obtained from MD simulations and compared with the experimental data. 6 The Journal of Physical Chemistry Letters uncapped GGG, with the corresponding curve for salting-out coefficients being nonmonotonous.
To experimentally verify the results found through simulations, we also performed proton NMR titrations of the N-capped peptide with NaSCN and Na 2 SO 4 . The chemical shift changes of the three backbone methylene protons as well as the N-terminal methyl protons of the capping group were measured as a function of salt concentrations ( Figure 2 ). As can be seen, the chemical shift decreased in a nonlinear fashion in all cases. Had binding occurred, following the interpretation in refs 5 and 8 one would have expected a curve with a negative second derivative rather than with a positive second derivative as seen here. In other words, none of the methylene units in the half-capped GGG backbone moieties displayed any apparent anion binding in the presence of NaSCN (Figure 2a) . This is consistent with the anionic nature of the half-capped GGG, which should repel SCN − anions compared with its fully capped and uncapped counterparts. Moreover, SO 4 2− gave rise to an even more positive second derivative (Figure 2b) , which is consistent with even greater anion repulsion. Such results for the half-capped GGG molecule are in agreement with the solubility and MD simulation results previously described.
It should be noted that large salting-out constants, k s , (Table  1) could potentially be associated with structural changes to the peptide or peptide aggregation. 11−13 To rule out this possibility, we took FTIR measurements with half-capped GGG molecules in the presence of Na 2 SO 4 and NaSCN as well as without any added salt. As can be seen, the peaks in the amide I band region occur at 1646 and 1723 cm −1 in the absence of salt (Figure 3 ). These bands do not change at all after 1 M NaSCN is introduced into solution. However, adding increasing concentrations of Na 2 SO 4 leads to the rise of a very small new peak at 1592 cm −1 and the decrease in the higher frequency peak. Such changes are consistent with a very modest amount of NH hydrogen bonding to the carbonyl.
14 This is again consistent with the strong salting-out behavior of Na 2 SO 4 .
In summary, we have performed MD simulation supported by NMR and ATR-FTIR measurements that indicate strong ion interactions with the charged C-terminus of an aqueous peptide. The present calculations for fully capped triglycine show that strongly hydrated anions interact very weakly with the peptide backbone, while weakly hydrated anions exhibit an appreciable affinity to it. For the half-capped and uncapped peptide, these ion-specific effects get, however, convoluted with attractive and repulsive interactions by salt ions with the charged peptide termini. All of these effects are, of course, ionspecific as well.
■ METHODS
Three variants of the triglycine molecule were simulated: uncapped, half-capped (with the N-terminus terminated by an acetyl group), and fully capped (with the N-terminus 
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The Journal of Physical Chemistry Letters terminated by an acetyl group and the C-terminus by an Nmethylamide group). Each of the three variants of the tripeptide was solvated in 1 M NaX (X = F, Cl, Br, I, SCN, or ClO 4 ) or in 0.333 M Na 2 SO 4 (i.e., employing the same ionic strength for all of the solutions) and described with the polarizable version of the parm99SB force field. 17 Compared with our previous studies, 8 we changed the capping of the Cterminus, investigated additional salts, and evaluated the saltingout coefficients to be able to directly compare with the experiments of Nandi and Robinson. 6 The simulation was performed with 2503 water molecules (POL3, 18 except for NaF and NaClO 4 solutions, where we used the SPC/E 19 model primarily due to convergence problems with the polarizable water force field), 1 tripeptide, 45 sodium cations, and 45 anions (or 30 cations and 15 anions for sulfate) in a 43 Å × 43 Å × 43 Å box. We applied 3D periodic boundary conditions with an 8 Å cutoff for long-range interactions using the particle mesh Ewald (PME) method. 20 All bonds containing hydrogens were constrained using the SHAKE algorithm. 21 A Berendsen barostat and thermostat were employed to maintain ambient temperature (300 K) and pressure (1 atm). 22 We analyzed the data for each salt solution collected every picosecond during a 100 ns production run after a 1 ns equilibration time with time steps of 1 fs, calculated using the AMBER11 program.
23 Salting-out constants were then evaluated using eq 1.
Spectra for NMR titrations with half-capped GGG were acquired on a 400 MHz spectrometer equipped with a 5 mm TXI probe (Bruker, Billerica, MA) at a temperature of 298 K using W5 watergate for water suppression. 24 Sample spectra were externally referenced to sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) (Cambridge Isotope Laboratories) in pure D 2 O (99.9% D, Cambridge Isotope Laboratories) in NMR tubes adapted with coaxial inserts (Wilmad-Lab Glass). The DSS was always in the inner of the concentric tubes, while the peptide sample was in the outer tube to ensure that the DSS control was never exposed to the peptide or salt. Chemical shift assignments of the peptide were made by employing a 400 MHz spectrometer with [ 26 TopSpin software (Bruker) was used for data processing.
The NaSCN and Na 2 SO 4 employed in the ATR-FTIR and NMR experiments were purchased from Sigma Aldrich (St. Louis, MO). Na 2 SO 4 was >99% pure, and NaSCN was at least 98% pure. 18.2 MΩ·cm purified water from a NANO pure Ultrapure Water system (Dubuque, IA) was used to prepare both salt and peptide solutions. Stock solutions of salts and peptides were made separately at double the desired concentration and mixed together in a 1:1 (volume-to-volume) ratio to obtain the desired sample concentration. The total peptide concentration in all experiments was 50 mM. The preparation of the half-capped peptide has been previously described. 5, 8 ■ AUTHOR INFORMATION Corresponding Authors *E-mail: psc11@psu.edu (P.S.C.). *E-mail: pavel.jungwirth@uochb.cas.cz (P.J.).
